ABSTRACT: Activated defenses against herbivores and predators are defenses whereby a precursor compound is stored in an inactive or mildly active form. Upon damage to the prey, the precursor is enzymatically converted to a more potent toxin or feeding deterrent. In marine systems, activated defenses are only known to exist in a few species of tropical macroalgae. In this study, we examined an activated defense system in temperate marine macroalgae in which the osmolyte dimethylsulfoniopropionate (DMSP) is converted to acrylic acid or acrylate, depending upon the pH, and dimethyl sulfide (DMS) by the enzyme DMSP lyase upon damage to the alga. We surveyed 39 species of red, green, and brown algae from the Washington and Oregon coasts, and found high concentrations of DMSP in the chlorophytes Acrosiphonia coalita, Codium fragile, Enteromorpha intestinaUs, E. linza, Ulva californica, U. fenestrata, and U. taeniata, and in the rhodophyte Polysiphonia hendryi. Con centrations of DMSP ranged from 0.04 % of the alga's fresh mass (FM) to 1.8% FM. We found signif icant DMSP lyase activity in 1 green alga, U. fenestrata, and 1 red alga, P. hendryi, with DMSP cleav age rates approaching 300 mmol kg"' FM min"'. Loss of DMSP and the production of DMS when the tissues of U. californica and P. hendryi were crushed suggested that physical damage results in DMSP cleavage. In laboratory feeding preference experiments, acryhc acid deterred feeding by the sea urchin Strongylocentrotus droebachiensis at concentrations of 0.1 to 2% FM and by S. purpuratus at 0.25 to 2% FM, while the precursor DMSP functioned as a feeding attractant to both sea urchins. In contrast, feeding by the isopod Idotea wosnesenskii was not deterred by acrylic acid even at concentrations as high as 8% FM. Our data suggest that DMSP may function as a precursor in an activated defense system in diverse species of temperate macroalgae and may possibly contribute to the widespread success of the Ulvophyceae. This chemical system is also found in unicellular phyto plankton, and presents an opportunity to compare and contrast the ecological role of chemical defense among micro-and macroorganisms.
INTRODUCTION
Marine macroalgae produce a variety of secondary metabolites, including many that function as herbivore deterrents (Hay & Fenical 1988 (Renaud et al. 1990 ), and salinity (Pedersen 1984) . In some species, biological interactions, such as grazing, affect the types and levels of defenses. Sev eral species of marine macroalgae produce induced defenses in which defense production increases after This study examines the role of dimethylsulfoniopropionate (DMSP) in an activated defense system in northern Pacific marine macroalgae. DMSP, a tertiary sulfonium derivative of methionine, is found in many species of green and red macroalgae in habitats rang ing from polar (Karsten et al. 1990 ) to temperate (White 1982 , Reed 1983a Although the cleavage reaction has been the subject of intense study, its biological function is still poorly understood.
In oceanic systems, DMS production is often associ ated with grazing on phytoplankton containing DMSP (Dacey & Wakeham 1986 , Daly & DiTulho 1993 . Recently, the DMSP-cleavage reaction was proposed as an activated defense system in microalgae (Wolfe & Steinke 1996 , Wolfe et al. 1997 ), producing concen trated acrylate inside protozoan food vacuoles. We hypothesized that DMSP may also function as part of an herbivore-activated defense system in marine macroalgae. To test this hypothesis, we first examined
DMSP DMS Acrylate DMS Acrylic Acid Fig. 1 . Conversion of DMSP by DMSP lyase to DMS and acrylate or acrylic acid local northeastern Pacific macroalgae to determine whether they produced DMSP and DMSP lyase. We then conducted experiments to determine if acryhc acid and DMSP deter feeding by local generalist graz ers. The results of our study provide strong evidence that DMSP can function in an activated defense system in some macroalgal species. Analysis of DMSP concentrations and DMSP lyase activity. DMSP was analyzed as DMS following alka line cleavage with methods similar to those described in Wolfe et al. (1994) . Freshly collected algal samples were weighed and placed in 5 ml of 10 N NaOH in 100 ml sermn vials and sealed with Teflon-coated septa. Bottles were incubated in the dark for a mini mum of 12 h to allow complete conversion to DMS, and shaken to hasten equilibration with headspace. Ten to 100 pi of DMS was sampled from the headspace by gas-tight syringe and injected to a gas chromatograph equipped with a Chromosil 330 column and flame pho tometric detector. DMSP standard additions to equal volumes of NaOH were used for calibration.
MATERIALS AND METHODS

Collection
We measured DMSP lyase concentrations in 2 of the macroalgal species that contained measurable amounts of DMSP, Ulva fenestrata (Chlorophyta) and Polysiphonia hendryi (Rhodophyta). Algae were col lected and epiphytic algae were removed from their surfaces. They were then rinsed briefly in ice-cold deionized water and blotted dry. Because DMSP lyase activity may be pH-sensitive, algal tissues (0.5 to 2.0 g) were ground using a chilled mortar and pestle in each of 3 buffers of differing pH: (1) The homogenate was transferred to a microcentri fuge tube and incubated on ice with occasional stirring for 30 min, then spun in a centrifuge at 4500 rpm (3000 X g) for 5 min. The pellet was collected and re suspended in 1 ml of buffer then centrifuged again. The supernatants from both centrifugations were pooled and diluted 1; 100 with deionized water. Extract (270 pi) and 10 pi of 30 mM dithiothreitol (DTT) were added to 2 ml gas-tight vials and equihbrated to room tempera ture. DMS concentrations were determined from headspace samples (10 pi) collected from the vials and used to establish a baseline of DMS production. Once the baseline was estabUshed, the reaction was initiated by adding DMSP-Cl (University of Gronigen Chemical Laboratory, The Netherlands) to a final concentration of 10 mM. DMS concentrations in the headspace were quantified over 20 to 50 min after the addition of DMSP.
Feeding bioassays with DMSP and acrylic acid. The effectiveness of acryhc acid and DMSP as feeding deterrents and attractants was tested with 2-choice laboratory bioassays in which compounds were incor porated into diets and feeding rates on those diets were compared. Diets for assays involving Strongylo centrotus purpuratus were made by homogenizing 30 g of sushi nori (Porphyra sp.) in a blender with 600 ml of tap water. The solid materials were fhtered out through several layers of cheesecloth and the remaining water extract was stored in darkness at 4°C. An anchovy homogenate was made by grinding 57 g of anchovies packaged in olive oil and 200 ml of tap water in a blender. The homogenate was also stored at 4°C in darkness prior to use. Diets were made by combining 4.5 g of agar with 75 ml of the nori extract, heating the mixture in a microwave at highest power for 60 s, and then adding 3 ml of anchovy extract. DMSP-Cl (University of Gronigen Chemical Laboratory, The Netherlands) or acryhc acid (Sigma) were added to the diet after it had cooled but before it gehed to avoid thermal decomposition. The diet was then poured into shadow trays and cooled. After the diets had gehed, -3 cm diameter pieces were cut and weighed. Distihed water without acryhc acid was added to control diets.
In feeding experiments at HMSC, urchins Strongylocentrotuspurpuratus were offered 2 pieces of diet in 20 cm diameter round plastic containers. To start the experiments, the diets were placed in the center of the containers and the urchins were placed on top of the diets so they had equal access to each piece of food. The containers were filled almost to the top with seawater and were placed in a seawater table with seawater flowing around, but not into the containers, to cool the water in the containers. Urchins were allowed to feed on the diets until about half of the food in the containers had been consumed. Rephcates were discarded if the urchins did not consume at least half the food in the containers in a 6 h period. Prelimi nary experiments showed that in the absence of her bivores mass loss of the diets over a 6 h period was generally less than 2% and did not differ in control diets versus diets containing acrylic acid; therefore, control arenas for autogenic losses were not used in these experiments. Urchins were starved for 2 wk before being used in feeding experiments in order to ensme they would eat the diets rapidly. Some herbi vores have been shown to be less selective when starved (Cronin & Hay 1996c ). If this is the case for the herbivores we used, then these assays should be conservative in determining the effectiveness of acrylic acid and DMSP. After the urchins were re moved from the containers, the remaining pieces of diet were blotted dry and weighed. The change in mass of the treated food in each replicate was sub tracted from the change in mass of the control food and the differences were compared to zero (a = 0.05) with a 1-sample Student's t-test as described in Peter son & Renaud (1989) .
Feeding experiments with Strongylocentrotus droebachiensis were conducted in a similar manner at the Shannon Point Marine Center (SPMC) in Anacortes, Washington. The diets were prepared as described above except that they contained 40 g of Laminaria saccharina homogenate (300 g L. saccharina homoge nized with 300 g water), 3.5 g agar, 50 ml deionized water, and 3 ml of anchovy homogenate. The heated mixture was poured onto a 25 x 25 cm glass plate with 4 mm plastic spacers at each corner. A second glass plate was placed on the spacers and served to flatten the agar mixture to a uniform width. Three grams of filtered beach sand was spread in a thin layer on the bottom plate before pouring the agar; this acted as a weight to keep the food from floating.
Diets for experiments involving isopods Idotea wasnesenskii were made as described for Strongylocentro tus purpuratus diets, except that the diet was made with 2.5 g agar, 100 ml water, and 2 g ground, ovendried (60°C for 48 h) Ulva fenestrata. Two-choice experiments were conducted in 20 cm diameter plastic containers to which 1 mm mesh fiberglass screens were added to allow water flow through the contain ers. Isopods were allowed to feed until approximately half the food in a container had been removed. Arenas in which isopods did not consume at least half the food in 24 h were not included in the analyses. Statistical analyses were conducted as described above.
RESULTS
DMSP concentrations
Detectable concentrations of DMSP were found in 7 of 8 green algal species examined: Acrosiphonia coalita, Codium fragile, Enteromorpha intestinalis, E. linza, Ulva californica, U. fenestrata, and U. taeniata (Table 1 
DMSP lyase activUy
We found significant DMSP lyase activity in both Ulva fenestrata and Polysiphonia hendryi (Fig. 2) . 
Ulva fenestrata
Time After DMSP Addition (min) Fig. 2 . Ulva fenestrata (Chlorophyta) and Polysiphonia hen dryi (Phodophyta). DMSP lyase activity at 3 pH levels. Mea surements at times less than zero were taken before addition of DMSP to the algal extract. FM: fresh mass Enzyme activities were 320 mmol kg"' min"' at a pH of 5.2 in U. fenestrata and 260 to 270 mmol kg*' min"' in P. hendryi. DMSP lyase in U. fenestrata was sensitive to the pH of the buffer used, whereas DMSP lyase in P. hendryi was not, within the range of buffers used in the analyses. High DMSP lyase activity was seen at pH 5.2, 6.2, and 7.2 in P. hendryi. In U. fenestrata, enzyme activity was highest at a pH of 5.2; Uttle activity was seen at pH 6.2 or 7.2. Although we did not quantify cleavage of DMSP following tissue damage, we compared concentrations of DMSP in whole tissues to tissues that were crushed using a mortar and pestle. Grinding tissues of both Ulva californica and Polysiphonia hendryi resulted in a significant decrease in DMSP levels (Table 2 ; 2-way ANOVA: grinding effect, F = 7.86, p = 0.023, species effect, F= 203.27, p < 0.001, grinding x species effect, P = 1.52, p = 0.253), and P. hendryi gave off a strong odor of DMS when crushed. 
Polysiphonia hendryi
Bioassays with herbivores
The addition of acrylic acid to diets significantly reduced feeding by Strongylocentrotus purpuratus at concentrations from 2 to 0.25% FM, but not at 0.1% FM (Fig. 3, 1 -sample f-test, p < 0.05). In contrast, DMSP acted as a significant feeding attractant at con centrations from 4 to 0.5% FM, but not at 0.25% FW (Fig. 3, 1 -sample f-test, p < 0.05). When urchins were offered choices of diets containing DMSP and diets containing acrylic acid at equimolar concentrations, they significantly preferred the DMSP-containing diet (Fig. 3, 1 -sample t-test, p < 0.05), except at the lowest concentration (0.2% FM DMSP vs 0.1% acryUc acid), in which there was no significant preference (Fig. 3, 
1-sample f-test, p > 0.05).
Assays with green sea urchins Strongylocentrotus droebachiensis produced similar results. The addition of acryUc acid to the diets reduced feeding at all concen trations tested from 0.1 to 2% FM (Fig. 4,1 -sample f-test, p < 0.05). The addition of DMSP acted as a feeding attractemt at concentrations of 0.5 to 2 % FM (Fig. 4,1-sam ple f-test, p < 0.05), but was not significantly attractant at concentrations of 0.2 or 4 % FM (Fig. 4,1 -sample f-test, p > 0.05). Diets containing DMSP were preferred over diets containing equimolar amounts of acrylic acid at all concentrations tested (Fig. 4, 1-sample f-test, p < 0.05) .
Feeding by the isopods Idotea wosnesenskii was not deterred by the addition of acryUc acid to the diets (Fig. 5) . Acrylic acid was a significant feeding attrac tant to isopods at concentrations of 0.1 and 1% FM (1-sample t-test, p < 0.05). At aU other concentrations, up to 8 % FM, there were no significant differences in feeding rates on control diets versus diets containing acryUc acid (1-sample f-test, p > 0.05).
DISCUSSION
Evidence for activated defense
The occurrence and concentrations of DMSP we ob served are similar to previous observations of temper- (Table 2) , with DMSP cleavage rates approaching 300 mmol kg"' FM min"'. These rates were probably underestimates: we only mea sured soluble DMSP lyase activity, although most algal DMSP lyase enzymes appear to be at least partially membrane-bound (Steinke et al. 1998); we did not optimize the assay for salt, pH, or other chemical requirements , 1998); and we used only 10 mM DMSP in our assays, while internal pools may reach 100 mM or more.
Strongylocentrotus purpuratus
Our DMSP lyase measurements and tissue-crushing experiments provide indirect evidence that herbivore grazing may cause damage to the tissues that could result in the rapid conversion of DMSP to DMS and acrylate or acryMc acid. When Ulva californica or Poly siphonia hendryi tissues were crushed, DMSP tissue concentrations decreased (Table 2) . We also noted a strong odor of DMS when P. hendryi was crushed. Macroalgal DMSP lyase enzymes are probably active at both physiological (acid) or seawater (neutral/alka line) pH. Although we found an acid pH optimum for DMSP lyase in crude extracts of U. fenestrata, de Souza et al. (1996) found a pH optimum of 8 in a par tially purified DMSP lyase in U. curvata. Cleavage of about 100 mmol kg"' FM DMSP during tissue damage by feeding could therefore potentially occur at 300 mmol DMS kg"' FM min"', producing local acrylic acid concentrations of up to 0.9% FM in tens of seconds or less. We found that such concentrations were highly effective feeding deterrents to Strongylocentrotus spp. Acrylic acid was effective against S. droebachiensis at concentrations as low as 0.1 % FM (Fig. 4) , and against S. purpuratus at concentrations of 0.25% FM (Fig. 3) . Therefore, although further work is needed to deter mine whether the physical damage resulting from her bivore grazing is sufficient to cause the cleavage of DMSP, it seems likely that DMSP cleavage may occur during grazing injury, and the resultant production of concentrated acrylic acid may act as a feeding deter rent against at least some herbivores. Our data pro vides the strongest evidence yet that DMSP can func tion as a substrate for an activated defense system in marine algae.
Acrylic acid as the active ingredient
The very high internal concentrations of DMSP in al gae, combined with high potential DMSP lyase activity, present a mechanism for generating localized, concen trated acrylic acid, which is bioactive (Sieburth 1960) and may affect gut microbes in large herbivores and higher-order predators (Sieburth 1961 ). Both DMSP and acrylic acid are highly water-soluble, and above pH 4.4, acrylic acid is largely deprotonated to acrylate. If these compounds become diluted in seawater, diluted acrylate at low (micromolar) concentrations is noninhibitory and a good bacterial substrate (Slezak et al. 1994 ). Therefore, the key to the deterrence hypothesis is that concentrated acrylic acid or acrylate is produced locally at the site of tissue injury. Acrylic acid is not very toxic (Rydzynski 1997); rather, its deterrent properties may be due to reactivity, acidity, or unpleasant taste, features common to other concentrated, volatile organ ic acids such as formic acid, widely used for defense among insects (Bennett et al. 1996 , Rossini et al. 1997 .
Acidity is also used by other macroalgae for defense, such as the sulfuric acid producer Desmarestia munda (Pelletreau 1999). However, we believe that acidity alone is not the mechanism responsible, since the DMSP-Cl used in the bioassays is also highly acidic, yet this compound was in contrast a feeding attractant at concentrations of 0.5 to 4 % FM for Strongylocentrotus purpuratus (Fig. 3) and at 0.5 to 2.0% FM for S. droebachiensis (Fig. 4) . Other studies have also found positive chemosensory responses to DMSP-Cl by bac teria (Zimmer-Faust et al. 1996), protozoa (Hauser et  al. 1975), and fishes (Nakajima et al. 1990) , although sub-micromolar concentrations may inhibit feeding by some protozoa (S. Strom pers. comm.).
Although 2 species of sea urchins were deterred by the presence of acrylic acid in our laboratory bioas says, the addition of acrylic acid to foods had no impact on feeding by the isopod Idotea wosnesenskii, even at concentrations that were 4 to 8 times greater than the maximum amount that would be found in most macro algae (Fig. 5) . It is not unusual for algal secondary metabolites to have different effects on different herbi vores ,1988a ,b, Paul et al. 1987 ). Mesograzers, herbivores that have limited mobility and are very small relative to the plants they consume, have been hypothesized to be mostly unaffected by their host plants' defenses, whereas larger grazers are ex pected to be more susceptible to the effects of these compounds (Hay et al. 1989 , 1990a ,b, Duffy & Hay 1994 ). Many tropical species of mesograzers have been shown to be unaffected by compounds that are deter rent towards larger, more mobile grazers such as fishes and urchins. Although /. wosnesenskii is larger, more mobile, and more of a generalist than many of the mesograzer species previously studied, it is smaller than many generaUst herbivores such as urchins and fishes, which are typically strongly deterred by algal secondary metabolites. It is also possible that differ ences in feeding mechanisms among herbivores may al ter the conversion of DMSP to acrylic acid: the amount of mechanical grinding, or the presence of enzymes which might denature or inactivate DMSP lyase.
Activated chemical defense systems in tropical and temperate macroalgae
The DMSP-activated defense system shares some similarities to the activated production of halimedatrial in the tropical Pacific green algae Halimeda spp. (Paul & Van Alstyne 1992) , in which a less potent diter penoid metabolite, halimedatetraacetate, is rapidly converted to a more potent feeding deterrent, halime datrial, when tissues are crushed. In both systems, the conversion from the precursor to the product happens extremely rapidly, usually on the scale of seconds, and the products of the reaction are significantly more deterrent towards grazers than the compounds stored in the algae. However, in the temperate system the precursor is a feeding attractant, while in the tropical system the precursor is also a feeding deterrent, but a less effective one than the product halimedatrial.
One advantage of producing an herbivore-activated defense system is that molecules that are biologically active, presumably towards both the alga and grazers, need not be stored in the algal thallus. In activated defense systems, the precursor molecules and the enzymes are hkely to be compartmentahzed ( Because activated defenses allow algae to produce a highly bioactive product very rapidly while avoiding autotoxicity, they have clear advantages in tropical sys tems, where the grazers are typically large, rapidlymoving, visually foraging fishes that travel in schools. The advantages of activated defenses are less obvious in cold-water temperate systems, where the grazers are more likely to be slow-moving sea urchins, molluscs, or arthropods that are not visual foragers. Visual foragers woidd quickly learn to avoid algae containing activated defenses once they discovered the algae were distaste ful; non-visual foragers would presumably have to sam ple an alga each time it encountered it to determine if the alga was a distasteful food unless the grazer was capable of determining the quality of the food from sur face characteristics of the alga. The behavioral mecha nisms by which temperate grazers chose their food in the field are not well known. Littorinid snails cUmb up on algae to forage during low tide and return to the substrate before the tide comes in (Van Alstyne 1988). Snails tend to leave lower-preference foods more rap idly than they leave higher-preference foods. Consum ing a small portion of an alga with an activated defense may provide a grazer with a signal to move off the alga in search of a better quahty food.
The main DMSP-containing macroalgal genera Enteromorpha, Ulva, and Polysiphonia are opportunistic species of the temperate eulittoral or upper sublittoral zones. They can tolerate desiccation and wide ranges of sahnity, and rapidly colonize disturbed areas. Nutrification of coasts in northern Europe is leading to 'green tides' of Enteromoipba and UJva, which are becoming major nuisances (Fletcher et al. 1990 There is also great variation in DMSP lyase activity among algae that contain high concentrations of DMSP, even within a species . Little is known about the genetics and biosynthesis of DMSP and DMSP lyase. In Trifolium repens, the genes for the cyanogenic precursors and the P-glucosidase system reside on different alleles (Nass 1972), and polymorphisms in both alleles lead to differing defense abilities (Compton & Jones 1985 , Hughes 1991 . We hypothesize that the DMSP cleavage reaction will only function for defense when algae possess both high concentrations of DMSP and high DMSP lyase activi ties, and further work is clearly needed to determine the contribution of this reaction to the ecological suc cess of macroalgae from diverse environments.
Activated chemical defense systems in macroalgae and unicellular phytoplankton
The DMSP cleavage reaction has also been hypo thesized to function in deterrence in microalgae, thus presenting the unusual opportunity to compare and contrast the ecological function of a conserved chem ical reaction between micro-and macroorganisms. Although DMSP occurs primarily in the green macro algae, especially the Ulvophyceae, it is rare in unicel lular Chlorophyta; rather, it is found primarily among the prymnesiophytes and dinoflagellates (Keller et al. 1989) , including many notorious bloom-forming taxa (e.g., species of Emiliania, Phaeocystis and Alexandrium-, Wolfe 2000).
DMSP lyase in phytoplankton appears to be con stitutive, but the cleavage reaction is activated by physical stress or cell disruption (Wolfe & Steinke 1996) . Differences in DMSP lyase concentrations in unicellular algae have been used to test the function ing of DMSP as part of a feeding deterrence system (Wolfe & Steinke 1996 , Wolfe et al. 1997 ). Some omniv orous protozoa (e.g., the dtnoflagellate Oxyrrhis mar ina) eat microalgae polymorphic in the DMSP lyase enzyme, and DMS production following grazing sug gests that the reaction occurs inside protozoan food vacuoles after ingestion, when the algae are degraded enzymatically. However, there is no evidence to date that these grazers suffer any harm from the reaction, although they may prefer prey with low-activity forms of the DMSP lyase enzyme. Other dinoflagellates are much more selective than O. marina and feed poorly or not at aU on high-activity DMSP lyase prey, but it is still unclear whether this reaction plays a role in food selec tion (S. Strom & G. WoUe unpubl. data).
Obviously, the sacrifice of tissue by a macrophyte to deliver a deterrent signal may be a successful strategy to prevent loss of the whole organism, while in a microbe, deterrence is more likely to be all-or-nothing. Among unicellular organisms growing asexuaUy, the reaction may act as a 'suicide' defense which might benefit the clonal prey population. An interesting int ermediate case is the colonial prymnesiophyte Pha eocystis sp., which, though unicellular, forms multiceUed macroscopic colonies within a mucilaginous spherical shell. Phaeocystis sp. has very active DMSP lyase and produces DMS actively during growth (Stefels & van Boekel 1993). The result is that colonies con tain concentrated acrylate (Noordkamp et al. 1998 ), which may fimction in defense against grazers or bac teria (Liss et al. 1994) .
Macroalgae have several advantages over microal gae as model organisms for examining the role of DMSP in ecological systems. The grazers are larger and bioassays can be conducted with diets that differ only in acryhc acid levels. Macroalgae can also be manipulated in the field more easily than microalgae, making it easier to study the effects of environmental change on the system in a more realistic setting. We suggest this reaction presents an opportunity to com pare chemical defense across size scales and at differ ent levels of cellular organization, a relatively unex plored area in the comparative ecology of micro-and macroorganisms (Andrews 1991).
